Simultaneous observation of forward-backward attosecond photoelectron
  holography by Du, Hongchuan et al.
Simultaneous observation of forward-backward attosecond photoelectron holography
Hongchuan Du1,∗ Hongmei Wu1, Huiqiao Wang2, Shengjun Yue1,and Bitao Hu1,†
1School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China
2Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
(Dated: October 20, 2018)
Photoelectron angular momentum distribution of He+ driven by a few-cycle laser is investigated
numerically. We simultaneously observe two dominant interference patterns with one shot of lasers
by solving the 3D time-dependent Schrodinger equation (TDSE). The analysis of a semiclassical
model identifies these two interference patterns as two kinds of photoelectron holography. The
interference pattern with Pz > 0 is a kind of forward rescattering holography, which comes from
the interference between direct (reference) and rescattered (signal) forward electrons ionized in
the same quarter-cycle. The interference pattern with Pz < 0 is a kind of backward rescattering
holography, which comes from the interference between direct electron ionized in the third quarter-
cycle and rescattered backward electron ionized in the first quarter-cycle. Moreover, we propose a
method to distinguish this backward rescattering holography and intracycle interference patterns
of direct electrons. This is an important step for dynamic imaging of molecular structure and
detecting electron in molecules on attosecond time scale by the backward rescattering attosecond
photonelectron holography.
PACS numbers: 32.80.Wr, 33.60.+q, 61.05.jp
In 1947, Gabor invented the holography [1] in which
a coherent beam of light or electron is split into a signal
beam and a reference beam. The signal beam scatters off
the target and encodes its structure. When it recombines
with the reference beam, an interference pattern storing
the spatial information of the target is formed. Then the
objects can be reconstructed by the interference pattern.
Recently, Huismans et al. applied the concept of holog-
raphy to strong-field laser ionization to record tempo-
ral and spatial information on the atomic and molecular
scale [2], in which a “forklike” structure is found and rec-
ognized as a kind of forward rescattering holography. So
far, the backward rescattering holography has not been
reported experimentally due to small atomic scattering
cross sections. It has been well known that the backward
rescattering holography can be used for dynamic imaging
of molecular structure [3, 4] and detecting electron mo-
tion in molecules or atoms on attosecond time scale [5].
So it is very necessary for observing the backward rescat-
tering holography in experiment. Due to molecular ions
with larger rescattering cross sections, Bian et al. theo-
retically predicted that the backward rescattering holog-
raphy can be observed by using H+2 [6]. Moreover, they
also found that two kinds of forward and backward holog-
raphy patterns can be simultaneously observed by using
the polar molecular ion HeH2+ with parallel orientation
because of the preferential enhanced ionization from one
direction of the molecular axis [7]. Unfortunately, it is
still difficult to prepare the target of the molecular ions
with perfect orientation in current experimental condi-
tions. Besides, the ground-state 1sσ of the HeH2+ is
repulsive and unstable [8, 9]. These limit the use of their
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scheme. In addition, the interference pattern (as shown
in Fig. 5(d)) between the direct electron ionized in the
third quarter-cycle and the rescattered backward electron
ionized in the first quarter-cycle is similar to the intracy-
cle interference patterns of direct electrons (as shown in
Fig. 5(b)). Therefore, the interference pattern asserted
as the back holography pattern may come from the in-
tracycle interference patterns of direct electrons. To our
best knowledge, how to distinguish these two kinds of
interference structures is still an open question.
In this work, we investigate the photoelectron angu-
lar momentum distribution of He+ driven by a few-cycle
laser by solving the TDSE and semiclassical model. It is
found that two dominant holography patterns can be ob-
served simultaneously with one shot of lasers. By means
of the semiclassical model, we identified the interference
pattern with Pz < 0 as a kind of backward rescatter-
ing holography, which comes from the interference be-
tween the direct electron ionized in the third quarter-
cycle and the rescattered backward electron ionized in
the first quarter-cycle.
In order to investigate the photoelectron angular mo-
mentum distribution, we numerically solve the three-
dimensional (3D) time-dependent Schrodinger equation
(TDSE) describing the interaction between the linearly
polarized laser field and the He+ ion. The corresponding
TDSE in atomic units (a.u.) is written as
i
∂
∂t
ψ(r, t) = [−∇
2
2
− 2
r
+W (r, t)]ψ(r, t), (1)
where the interaction term in velocity gauge is defined as
W (r, t) = −iA(t) · 5. Here, A(t) is the corresponding
vector potential of the laser pulse. The time-dependent
wave function can be obtained by solving the Eq. (1) in
the spherical coordinate system using the Crank-Nicolson
method [10]. An absorbing potential is employed to avoid
wave function reflection on the grid edge [11, 12].
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2FIG. 1: (Color online) Photoelectron angular momentum dis-
tribution of He+ calculated by the TDSE (a) and semiclassi-
cal model [(b) and (c)]. (b) represents the interference where
the reference electron is generated in the same quarter-cycle,
which (c) represents the interference where the reference elec-
tron is generated in the third quarter-cycle.
Since a long-wavelength laser field isn’t a necessary
condition to attosecond photoelectron holography [14],
we adopt a 532-nm laser pulse to reduce the spread
of the electron wavefunction in our simulation. The
laser intensity is chosen as 1.5 × 1015W/cm2. The vec-
tor potential of the laser pulse is given by A(t) =
E0/ω0 sin
2(pit/τ) sin(ω0t), and the laser polarization di-
rection is along the z direction. τ is the total duration of
the laser pulse, and is set as 5T0 (T0 is the optical cycle of
the laser pulse). Figure 1(a) presents the photoelectron
angular momentum distribution of He+ calculated by
projecting the final wavefunction onto plane waves at a
time later than the end of the laser pulse. One can clearly
see that the photoelectron angular momentum distribu-
tions with Pz > 0 and Pz < 0 are quite different since a
few-cycle laser pulse is used. In the region of Pz > 0, the
interference pattern resembles a “fork”, which is simi-
lar to the results in Refs [2, 15]. In their works, the
“fork” structure is identified as a kind of forward rescat-
tering photoelectron holography. However, in the region
of Pz < 0, the interference pattern is a semiring struc-
ture (downward curvature). Moreover, the width of the
stripes and the space between the stripes become larger
as the momentum Pz decreases from -0.5 to -1.5a.u.. For
the sake of checking the accuracy of our results, we also
calculate the photoelectron angular momentum distribu-
tion by projecting the numerical solution of the TDSE
onto the incoming Coulomb waves at the end time of the
laser pulse, which is shown in Fig. 2. In the calculation,
we use a grid with a maximum radius of rmax = 2800a.u.
FIG. 2: (Color online) Photoelectron angular momentum dis-
tribution of He+ calculated by projecting the numerical so-
lution of the TDSE onto the incoming Coulomb waves at the
end time of the laser pulse.
in the radial direction and maximum number of partial
waves Lmax = 35. The grid space is 0.02a.u., and the
time step is 0.015a.u.. It is found that there is a good
agreement between the two methods by comparing with
those results in Fig. 1(a). This implies that the results
shown in Fig. 1(a) don’t come from the calcultaion error.
In order to illustrate the physical mechanism of these two
kinds of interference patterns, we use the semiclassical
recollision model [15, 16], which has been proven to be
successful in interpreting forward rescattering photoelec-
tron holography [2, 15]. In the calculation, we used the
few-cycle laser pulse. The photoelectron angular momen-
tum distributions calculated by the semiclassical model
are presented in Figs. 1(b) and 1(c). Fig. 1(b) shows
the interference pattern for the case in Fig. 3(a), where
both the signal (A) and reference (B) electrons are gen-
erated in the same quarter-cycle. In this case, the signal
electron (A) is firstly ionized in the negative z direction,
and is then turned around by the laser field. So the ve-
locity of the signal electron (A) is positive before being
rescattered. After being forward rescattered, the signal
electron (A) has a positive velocity. Finally, the signal
(A) and reference (B) electrons with the same final mo-
mentum will interfere with each other and form the in-
terference pattern shown in Fig. 1(b). From this figure,
one can clearly see the “forklike” interference pattern,
which is in good agreement with the pattern with Pz > 0
shown in Fig. 1(a). Therefore, the “forklike” interference
pattern with Pz > 0 in Fig. 1(a) comes from the interfer-
ence between direct (reference) and rescattered (signal)
forward photoelectrons ionized in the same quarter-cycle
as shown in Fig. 3(a). Fig. 1(c) presents the interfer-
ence pattern for the case in Fig. 3(b), where the signal
3electron (A) is ionized in the first quarter-cycle, and the
reference electron (B) is ionized in third quarter-cycle.
In this case, the signal electron (A) is firstly ionized in
the negative z direction, and is then turned around by
the laser field. So the velocity of the signal electron (A)
is positive before being rescattered. After being back-
ward rescattered, the signal electron (A) has a negative
velocity. Finally, the signal (A) and reference (B) elec-
trons with the same final momentum will interfere with
each other and form the interference pattern shown in
Fig. 1(c). It can be seen from the Fig. 1(c) that the
number of interference stripes with Pz ∈ [−1.5,−0.5]a.u.
predicted by the semiclassical model is 7. Moreover, the
width of the stripes and the space between the stripes cal-
culated by the semiclassical model become larger as the
momentum Pz decreases from −0.5 to −1.5a.u.. These
agree well with the TDSE results in Fig. 1(a). How-
ever, we can’t ensure that the interference pattern with
Pz < 0 in Fig. 1(a) is caused by the interference in Fig.
1(c) because the intracycle interference pattern of direct
electrons has also a similar structure [17, 18]. So far, it
is still an open question to distinguish these two kinds of
structures.
FIG. 3: (Color online) Schematic illustration of interference
trajectories. A is the rescattering channel, and B is the direct
ionization channel.
As well known, the rescattering process is closely re-
lated to the Coulomb potential of parent ion, so the in-
terference patterns will be significantly changed when a
short-range potential is used if they are caused by the
rescattering process. However, for the interference of di-
rect electrons, the interference pattern is less sensitive
to the Coulomb potential of parent ion. Thus we in-
vestigate the Coulomb-tail effects to the photoelectron
angular momentum distribution in order to confirm that
the interference patterns with Pz < 0 in Fig. 1(a) come
from the interference in Fig. 3(b). In the calculation,
the potential function V(r) is instead with a short-range
potential Vs(r). We choose
Vs(r) = −(b+ 2.0
r
)exp(−r2/s2), (2)
where s = 1.6 and b = 0.57 to keep the ground-state
energy unchanged.
FIG. 4: (Color online) Photoelectron angular momentum
distribution with Pz > 0 of He
+ calculated by the (a) TDSE
with a short-range potential Vs(r), (c) the full TDSE, and
semiclassical model [(b) and (d)]. (b) represents the interfer-
ence between direct electrons generated in first and second
quarter-cycle. (d) represents the interference where the refer-
ence electron is generated in the same quarter-cycle.
In order to confirm above conclusion, we firstly com-
pare the photoelectron angular momentum distribution
with Pz > 0 of He
+ calculated using the following the-
oretical models: (a) solving the TDSE with a short-
range potential, (b) using a semiclassical model which
describes the interference between direct electrons gener-
ated in first and second quarter-cycle as shown in Fig.
3(c), (c) solving the TDSE with the actual potential,
(d) using a semiclassical model which describes the inter-
ference where the reference electron is generated in the
same quarter-cycle as shown in Fig. 3(a). It is clear that
there are obvious differences in the photoelectron angu-
lar momentum distributions in Figs. 4(a) and 4(c). In
Fig. 4(c), one can see a “fork” structure, which has been
identified as a kind of forward rescattering photoelectron
holography as shown in Fig. 4(d). When the short-range
potential is used, as shown in Fig. 4(a), the “fork” struc-
4ture washes out, and a semiring structure (upward curva-
ture) appears. Fig. 4(b) presents the interference pattern
of the direct electrons ionized in first and second quarter-
cycle as shown in Fig. 3(c). It is seen that the number of
interference stripes with Pz ∈ [−1.5,−0.5]a.u. predicted
by the semiclassical model is 8, which is in good agree-
ment with those in Fig. 4(a). Hence, we conclude that
the semiring structure (upward curvature) in Fig. 4(a)
comes from the intracycle inference of direct electrons in
Fig. 3(c).
FIG. 5: (Color online) Photoelectron angular momentum dis-
tribution with Pz < 0 of He
+ calculated by the (a) TDSE
with with a short-range potential Vs(r), (c) the full TDSE,
and semiclassical model [(b) and (d)]. (b) represents the inter-
ference between direct electrons generated in third and fourth
quarter-cycle. (d) represents the case where the reference elec-
tron is generated in the third quarter-cycle.
Next, we investigate the Coulomb-tail effects to the
interference pattern with Pz < 0 in Fig. 1(a). Like-
wise, we compare the photoelectron angular momentum
distribution with Pz < 0 of He
+ calculated using the
following theoretical models: (a) solving the TDSE with
a short-range potential, (b) using a semiclassical model
which describes the interference between direct electrons
generated in third and fourth quarter-cycle as shown in
Fig. 3(d), (c) solving the TDSE with the actual poten-
tial, (d) using a semiclassical model which describes the
interference where the reference electron is generated in
the third quarter-cycle as shown in Fig. 3(b). At first
glance, the photoelectron angular momentum distribu-
tions in Figs. 5(a) and 5(c) appear to be fairly similar.
Both of them show a semiring structure (downward cur-
vature). Moreover, the width of the stripes and the space
between the stripes become larger as the momentum Pz
decreases from −0.5 to −1.5a.u.. However, a closer look
reveals that the number and location of stripes are quite
different in the two pictures. In Fig. 5(a), the number of
interference stripes with Pz ∈ [−1.5,−0.5]a.u. is 8, which
is in good agreement with the results predicted by the
semiclassical model in Fig. 5(b), in which the interfer-
ence pattern is produced by the direct electrons ionized
in third and fourth quarter-cycle as shown in Fig. 3(d).
However, in Fig. 5(c), the number of interference stripes
with Pz ∈ [−1.5,−0.5]a.u. is 7 which is in good agree-
ment with the results predicted by semiclassical model
in Fig. 5(d), which describes the interference where the
reference electron is generated in the third quarter-cycle
as shown in Fig. 3(b). Moreover, it is also noted that the
curvature of the semiring structure in Fig. 5(c) is larger
than that in Fig. 5(a), which is also observed in Figs.
5(b) and 5(d). In addition, it is worth mentioning that
the intracycle interference patterns of direct electrons can
be shifted by the Coulomb tail. Fortunately, the num-
ber of the interference stripes becomes sparse when the
Coulomb tail is cut off as shown in Fig. 5 of Ref. [18],
which is opposite with our results. Therefore, we con-
clude that the semiring structure (downward curvature)
in Fig. 1(a) comes from the interference between direct
electron ionized in the third quarter-cycle and rescattered
backward electron ionized in the first quarter-cycle as
shown in Fig. 3(b).
In summary, we propose a way of simultaneously ob-
serving two kinds of photoelectron holography. The for-
ward rescattering holography comes from the interference
between direct and rescattered forward photoelectrons
ionized in the same quarter-cycle, which appears in the
region of Pz > 0. The backward rescattering holography
comes from the interference between direct photoelec-
tron ionized in the third quarter-cycle and rescattered
backward photoelectron ionized in the first quarter-cycle,
which appears in the region of Pz < 0. Moreover, we also
propose a method to distinguish the backward rescatter-
ring holography and the intracycle interference pattern of
direct electrons. The laser parameters in this work are ex-
perimentally accessible currently. It is predicted that the
backward rescattering photoelectron holography can be
observed in experiment by in the near future. Finally, we
would like to remind that this kind of backward rescat-
tering holography pattern must be carefully confirmed
before it is used to dynamic imaging of molecular struc-
ture and detecting electron in molecules on attosecond
time scale.
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